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ABSTRACT 
The formal potentials of several redox couples incorporated in coatings of a perfluoropolycarboxylate on graphite lec- 
trodes were measured and compared with the formal potentials of the same couples in homogeneous solution. The differ- 
ences observed agreed with those calculated from the Nernst equation with the independently measured incorporation 
coefficients for both halves of the redox couples. The dependences of the shifts in formal potentials on the nature of the 
incorporating complex ion, the ionic strength, and the temperature were determined and indicated that the incorporation 
equilibrium isgoverned by electrostatic and hydrophobic nteractions that act in opposite directions. The incorporation of
most cation sexamined was driven by large increases inentropy which overcame the usually unfavorable enthalpy changes. 
Redox reactants incorporated in polyelectrolyte coat- 
ings on electrode surfaces will exhibit formal potentials 
that are shifted from their values in solution whenever 
the two oxidation states of the reactant have different 
equilibrium constants for incorporation by the poly- 
electrolyte. This situation has been recognized in 
earlier reports (1, 2) .and in a recent study this aspect 
of the electrochemistry of redox polymer coatings was 
examined in detail (3). In continuing studies of the 
electrochemical responses obtained from redox reac- 
tants at electrodes coated with Nation, I, and the re- 
lated polyelectrolyte, II, 
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we noted unusually large shifts in the formal potentials 
of certain redox couples upon incorporation i to these 
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coatings. Both the magnitude of the shift in formal 
potential and its sign were influenced strongly by the 
nature of the ligands coordinated to the metal center 
of the redox couples. It was the purpose of the experi- 
ments described here to document he behavioral dif- 
ferences observed with several redox couples in both 
polyelectrolytes and to attempt to understand their 
origins. The results indicate that both electrostatic and 
hydrophobic interactions of incorporated electroactive 
ions with the polyelectrolyte combine to determine 
the direction of shifts in formal potentials. The tem- 
perature dependences of the shifts in formal potential 
were also measured. They pointed to large entropic 
contributions to the differences in the equilibrium in- 
corporation of the oxidized and reduced halves of the 
redox couples. 
Experimental 
Materials.--Nafion I coatings were prepared as previ- 
ously described (4) by evaporation of aliquots of a 
solution of the polymer supplied by E. I. du Pont de 
Nemours and Company several years ago. Polymer II 
was supplied in the form of a fine suspension of the 
methyl ester by Asahi Glass Company, Tokyo. To pre- 
pare coatings, aliquots of the suspension were evapo- 
rated on freshly cleaved electrodes. The resulting de- 
posit was exposed to 1M NaOH for 5 min to convert 
the ester to the carboxylate, and the electrode was then 
washed thoroughly with water. The extent and uni- 
formity of the de-esterification were not examined in 
detail, but it was established that increasing the time 
that the coatings were exposed to the 1M NaOH pro- 
duced no changes in their behavior. Electrodes were 
prepared from pyrolytic graphite (Union Carbide Com- 
pany, Chicago) and mounted according to previously 
described procedures (5). Ru(NH3)6CI~ (Mathey- 
Bishop Company) was recrystallized before use. 
[CpFeCp-CHe-N +(CHs)s]Br- (Cp = cyclopentadi- 
enide) (Research Organic/Inorganic Company) was used 
as received. Ru (NHs)5 isonicotinamide (C104)~ (6) and 
Os(bpy)~C104)u (7) were synthesized according to the 
cited references. Solutions were prepared with distilled 
water, which was further treated by passage through 
a purification train (Barnstead Nanopure). 
I Nat ion is  a trademark of E. I. du  Pont de Nemours  and Com- 
pany.  
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Procedures.--Conventional two-compartment cells 
and apparatus were employed to obtain cyclic voltam- 
mograms. To evaluate formal potentials for reactants 
incorporated in electrode coatings, the cyclic voltam- 
mograms were recorded at scan rates low enough (e.g., 
a few mV s -1) to obtain symmetr ical  waves with al -  
most equal peak potentials. The quantities of the oxi- 
dized and reduced halves of redox couples incorporated 
by coatings were measured chronopotentiometr ical ly 
(8) to avoid possible alterations in the equi l ibr ium ratio 
of oxidant to reductant by insufficiently precise po- 
tentiostatic control of the electrode potential. Potentials 
were measured and are quoted with respect o a calo- 
mel reference electrode saturated with sodium chlo- 
ride, SSCE. 
Temperature dependences of formal potentials were 
evaluated from cyclic voltammograms recorded in a 
nonisothermal cell having a thermal ly  jacketed com- 
partment for the working and auxi l iary electrodes 
and a separate compartment for the reference lectrode. 
The reference electrode was maintained at a fixed 
temperature. The principles and assumptions involved 
in the use of such cells have been examined in detai l  
(9) and several recent exper imental  examples of their 
successful applications are avai lable (10). Exposure of 
the polyelectrolyte coatings to solutions at 50~ caused 
the measured formal potentials of incorporated redox 
couples to dr i ft  s l ightly before new stable potentials 
resulted. We believe this behavior is the result ot' re-  
producible structural  changes in the coatings. For this 
reason, the temperature dependences of formal poten- 
tials were measured with coatings that had been ex- 
posed to a solution at 50~ long enough for the cyclic 
voltammetr ic reeponse to stabil ize (ca. 30 rain). There- 
after, reproducible peak potentials were obtained at all 
temperatures. 
Results 
Cyclic volt ~ammogvams for the Ru (Nt-~) 63 +/2 + couple 
at a graphite electrode coated with the carboxylate 
polyelectrolyte, II are shown in Fig. 1. The effects of 
changes in scan rate on the response are the subject of 
Fig. la, while l b is concerned with the effects of 
changes in the coating thickness at a fixed scan rate. 
With thinner coatings or lower scan rates, the voltam- 
mograms exhibit two peaks. These are more clearly 
separated in the anodic half  of the voltammograms. 
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The anodic peak at --0.15V is quite close to the corre- 
sponding peak obtained at an uncoated electrode, and 
it is this peak that aisappears when the electrode used 
to record the voltammograms in Fig. 1 is transferred 
to a pure support ing electrolyte solution. Similar be- 
havior was reported earl ier  for the voltammetry of 
Ru(NH3)63+/~§ at electrodes coated with polyvinyl -  
sulfate (1). The peak that is present onl~r in solutions 
containing Ru(NH3)63+/~+ is be l ieved to arise f r r  
the diffusive penetrat ion of .the polymer coating by the 
complex so that it is reduced and reoxidized direct ly 
at the electrode surface. That the peak does not arise 
from reaction at bare patches of the electrode xposed 
by imperfections in the coating was indicated by tests 
of coated electrodes with nonincorporating anions, such 
as Fe(CN)64-,  which exhibited much smaller peak 
currents and much greater peak potential  separations 
at coated than at bare electrodes. In any case, the pres- 
ent study was devoted to comparisons between the 
voltammetr ic responses of redox couples at bare elec- 
trodes and those taken after their incorporation into 
coatings on electrodes which are subsequently trans-  
ferred to a pure support ing electrolyte solution. Thus, 
the second peak evident in Fig. 1 presented no prob-  
lems. 
In Fig. 2 the cyclic vol tammogram for Ru(NI-~)6~+/2+ 
at a bare graphite electrode is compared with that for 
the same couple incorporated in a coating of the car- 
boxylate polye~ectrolyte, II. The large difference in the 
average of anodic and cathodic peak potentials (i.e., 
the formal potentials) of the couple in the two cases 
is evident. This difference in formal potentials hould 
reflect the difference in the strength of the binding of 
each half of the redox couple to the polyelectrolyte 
coating. For example, if [O]s/[R]s and [O]p/[R]p are 
the equi l ibr ium ratios of the concentrations of the oxi-  
dized and reduced forms of a couple in the solution 
(s) and polyelectrolyte (p) phases, respectively, th'e 
difference in the formal potentials observed in the two 
phases hould be given by Eq. [1] 
RT ( [O]s [O]p)  
- -  ---- In  ~ - -  In., [ I ]  EPf Esf F [R]s [Rip 
Exper imental  values of Ep r and Es f were obtained from 
the average of the peak potentials of voltammograms, 
such as those in Fig. 2. The voltammograms obtained 
Fig. 1. Steady.state cyclic 
voltammograms for 1.0 mM 
Ru(NHs)6 3+ solution at a 
graphite electrode coated with 
polye|eetrolyte II. Supporting 
electrolyte: 0.2M KCI at pH 5.5. 
(A) Coating contained 2.1 X 
10 -7  mol cm-2 of carboxylate 
groups. Scan rate: 10, 20, 50 mV 
s -1.  (B) Scan rate: 100 mV s -1.  
Coatings contained 4.2, 8.4, and 
21 X 10 -8  reel cm -2  of 
carboxylate groups. 
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Fig. 2. (A) Cyclic voltammograms for 0.5 mM Ru(NH3)63+ at a 
bare graphite electrode. (B) Repeat after the electrode was coated 
with polyelectrolyte II (8.4 X 10 -s  mol cm -2  of carboxylate 
groups), soaked in the Ru(NHs)63+ solution for 5 min and trans- 
ferred to pure supporting electrolyte (O.02M CH3COONa at pH 
5.5). Scan rate: 5 mV s -1  for both curves. 
with the polyelectrolyte coatings were recorded at 
scan rates sufficiently smal l  (<  5 mV s -x) so that all 
of incorporated complex was reduced or oxidized dur-  
ing each half-cycle. The peak currents were propor-  
t ional to scan rate, as expected under these conditions 
(11), and the formal potential  was taken as the simple 
average of the peak potentials, which were typical ly 
separated by 10 to 30 mV by residual ohmic potentials 
present in the cell and coating. At bare electrodes, the 
peak potentials were usual ly separated by 60-70 mV, 
as expected (12). The formal potential  (Es f) was ob- 
tained from the average of the peak potentials cor- 
rected for the difference in the solution diffusion co- 
efficients of the two halves of the redox couple (12). 
This correction typical ly amounted to 1 to 2 mV. 
The open-circuit  equi l ibr ium potential  assumed by 
bare (or coated) electrodes in solutions containing 
both O and R is given by 
RT 
Eeq - -  Es f - -  In [R]s [2] 
F [0 ]~ 
Thus, Eq. [1] can be rewr i t ten as 
RT [R]p 
Ep f = Eeq + In ~ [3] 
F [O]p 
where Eeq is the equi l ibr ium potential  of the coated 
(or bare) electrode in an incorporation solution which 
leads to the concentration ratio [R]p/[O]p in the poly-  
electrolyte phase. Thus, to test Eq. [1], coated elec- 
trodes were equi l ibrated in incorporation solutions 
containing various ratios of the oxidized to reduced 
form of the redox couple. The formal potentials of the 
redox couple in the coating (Ep f) were then compared 
with the sum Eeq Jr- RT/F In ['a]p/[O]p calculated from 
the observed values of Eeq and the measured concen- 
trations of R and O in the polyelectrolyte phase. The 
latter were determined chronopotentiometr ical ly (8)
after the equi l ibrated electrode was transferred to a 
pure supporting electrolyte Solution. The constant cur- 
rent densities (i) uti l ized in the chronopotentiometric 
m~asurements were kept small enough to be sure that 
all of the incorporated reactant in the coatings had 
been oxidized or reduced at the'transit ion t ime (~), so 
that the quantity of reactant could be calculated as 
i.~/nF. 
At the transit ion time, a constant current in the 
opposite direction was passed through the coating unti l  
a second transit ion corresponding to the sum of the 
oxidized and reduced reactant init ial ly present in the 
coatings resulted. Thus, if the first transit ion time (~1) 
was obtained with an anodic current (iD, and the 
second, (z2) resulted from a subsequent cathodic cur-  
rent (h) 
[O]p  ~2 - -  ~,1"~1 
- -  [4] 
[Rip ?,1"~1 
Figure 3 shows two representat ive chronopotentio- 
grams for coatings in which the Ru(NH3)63+/2+ or 
Os (bpy) 83+/2+ redox couples had been incorporated. 
Table I summarizes the results of a series of such ex- 
periments with three redox couples to test whether 
Eq. [1] and [3] provide an adequate description of the 
behavior of the coated electrodes. The agreement be- 
tween the calculated and observed potentials in the 
last two columns of Table I is, in most cases, within 
the exper imental  precision of _+5 mV, so that Eq. [1] 
and [3] apuear to be obeyed over a reasonably wide 
range of [R]p/[O]p ratios. Thus, it may be concluded 
that the difference in measured formal potentials of 
redox couples in solution and incorporated within poly-  
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Fig. 3. Chronopotentiograms for the Ru(NH:~)63+/~+ and 
Os(bpy)38+/2+ couples in coatings of polyelectrolyte II. (A) 
Electrode coated with 2.1 X 10 -7  mol cm -2  of carboxylate 
group equilibrated with a solution containing Ru(NH3)6 a+ and 
Ru(N'H3)6 2+ (Eeq = 312 mV; [Ru(NH3)63+] fi- [Ru(NH3)62+] 
= 1.0 mM) before transfer to pure supporting electrolyte solution 
(O.02M CH3COONa at pH 5.5). Constant current density = 1.15 
~A cm -2  for oxidation of Ru(ll) and 23.0 #A cm -~ for reduction 
of Ru(lll). (B) Electrode coated with 8.4 X 10 -8  mol cm -2  of 
carboxvlate groups equilibrated with a solution of Os(bpy)33+ and 
Os(bpy)3 2+ (Eeq = 602 mV; [Os(bpy)33+] -~- [Os(bpy)32+] = 
0.5 mM). Constant current density = 2.87 #A cm -2  throughout. 
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Table I. Calculated and observed shifts in formal potentials 
of redox couples incorporated in coating of polyelectrolyte II a 
Redox couple 
~eq 
[a]p c RT ( [Rip ~ 
Ee~ b ,- + - -  I n  ~ Ep~ 
l O b  F ' 
(mY) (mV) (mY) 
Ru (NH~)dJ*/=+ --312.0 0.024 -408.0 --402.0 
Ru (NH3) 5isn~+/=+ 9 --60.0 5.000 --20.0 --21.0 
-43.0 2.570 -20.0 --21.0 
-40.0 2.450 --17.0 --21.0 
--37.0 1.800 --22.0 --21.0 
-24.0 0.900 --23.0 --21.0 
-19.0 0.900 --20.0 --21.0 
0.0 0.630 --12.0 --21.0 
+ I0.0 0.420 -12,0 -21.0 
Os(bpy)~§ 6(}2.0 2.380 624.0 609.0 
605.0 2.210 625.0 609.0 
The coatings contained 6.4 x 10 -s mol cm -~ of carboxyl groups 
in every  case, except Ru(NH3)6~+/~§ where  the coating contained 
2,1 • 1~ -~ tool cm -~. Support ing electrolyte for both the incorpo- 
ration and chronopotent~ometr ic assay was 0.02M CH~COONa at 
pH 5.5. 
bOpen-circuit equilibrium potential (vs.  SSCE) of the elec- 
trode in the solution from where the incorporation was carried 
out. 
c Ratio of the reduced to the oxidized fo rm of the redox couple 
in the polyelcctrolyte phase. Determined  by chronopotent iomc- 
tric assay using Eq. [4]. 
d Formal  potential  (vs. SSCE) of the redox couple within the 
polyelectrolyte coating. 
9 isn --- isonicotinamide. 
electrolyte I I  rel iably reflects the difference between 
the free energy changes associated with the incorpora- 
tion of the two halves of the redox couple by the poly-  
electrolyte. 
Effect of changes in ionic strength.--The incorpora- 
tion of cationic redox couples by polyelectrolyte I I  is 
an ion exchange process involving displacement of 
equivalent quantities of the unipositive counterions 
init ial ly present in the polyelectrolyte. For this re,ason, 
the extent of incorporation for each half of a redox 
couple would be expected to exhibit a dependence on 
the ionic strength of the incorporation solution. This 
expectation was tested by measuring the differences 
between the formal potentials of several redox couples 
in solution and within the polyelectrolyte coating as 
a function of ionic strength. The results, summarized 
in Table II, show that the difference in formal poten- 
tials measured inside and outside of the polyelectrolyte 
coatings is strongly dependent on ionic strength and 
on the nature of the redox couple. 
Temperature dependence of the formal pote.ntial.-- 
To obtain addit ional insight into the factors responsible 
Table II. Ionic strength dependence of the difference between 
redox formal potentials in solution and within coatings of 
polyelectrolyte II a 
Support ing E, t  c Epf d Epf -- Esf 
electrolyte mV mV = AE~ 
Redox couple concb M vs. SSCE vs. SSCE mV 
Ru (NHa),a+/e+ 0..02 -169.0 --402.0 --233.0 
0.20 --165.0 --347.0 --162.0 
2.00 -220.0 -290.0 -70.0 
Ru (NH3) sisn3+/~§ 0.02 158.0 --21.0 --179.0 
Os(bpy)~+/2+ 0.0'2 619.0 609.0 -10.0 
0.20 608.0 632.0 24.0 
2.00 607.0 633.0 76.0 
CpFeCpCH~N- 0.20 368,0 3~}I.0 --7.0 
(CH3) ~'-'+/+ 
All coatings contained 8,4 • 10 -s mol cm -~ of carboxyl  groups. 
b The support ing electrolyte was CH~COONa, and all solutions 
were adjusted to pH 5.5. 
c Formal  potential  of the couple in homogeneous olution, ob- 
tained f rom the average of cyclic vo l tammetr ic  peak potentials 
and corrected for differences in diffusion coefficients (12). 
a Formal  potential  of the redox couple with the polyelectrolyte 
coating as obtained f rom cyclic vo l tammograms recorded at low 
scan rate. 
* Cp ffi cyclopentadienide. 
for the opposite shifts in formal potential  of the 
Ru (NH3) 63 +/2 + and Os (bpy) ~3 +/2 + couples upon their 
incorporation in the polyelectrolyte coatings, the tem- 
perature .dependences of the formal potentials of the 
two couples were measured within the coatings and 
at a bare electrode. The results, plotted in Fig. 4, show 
that increases in temperature cause the formal po- 
tentials for both couples to shift to more negative 
values within coatings of polyelectrolyte I I  but in the 
opposite direction in homogeneous solutions. 
The formalism of Weaver etal. (9) can be used to 
evMuate half -react ion entropies for redox couples 
(~Src ~ from the slopes of the lines in Fig. 4. The re-  
sulting values are l isted in Table III. For Ru(NHs)63+/2+, 
the value of aSrC at the bare electrode agrees well  
with that reported by Weaver et al. (9), and the value 
for Os(bpy)38+/2 + is not far from their value for the 
isostructural Fe (bpy) 83 +/3 + couple (9). 
The difference between the values of ~Src ~ at bare 
and coated electrodes (h~Src ~ (Table II I) represents 
the entropy change associated with an overal l  reaction 
such as 
( , -~A- )2 - - -Ru  (NH3) 62+ + ~A- - - -Na  + 
+ Ru (NH3) 68 + (aq) "~ ( 'HA- )  ~-- -Ru (NHs) 68 + 
+ Na(aq)  + + Ru(NIZ'*3)62+(aq) [5]  
where ~A-  represents one of the anionic fixed charge 
groups of the polyelectrolyte, and (aq) denotes the 
hydrated ion in the bulk of the solution. The ionic 
aggregates inside the polyelectrolyte, denoted by 
(~, - -A - )  , . - - -Ru (NI-I3)6 '~+, may also be hydrated to an 
extent that is great enough to affect both their en- 
tropies and enthalpies ignificantly. 
The posit ive values of AASrc~ in Table I I I  show that 
the substitut ion for one incorporated cationic complex 
of its redox partner  with the higher charge leads to a 
net increase in entropy in each case. The corresponding 
enthalpic differences, AAH2.98 ~ are positive, str ik ingly 
so in the case of polyelectrolyte II. Thus, the prefer-  
ential incorporation of the more highly charged cat- 
ions is driven by the large release of entropy. 
pH dependence of the incorporation.--The effective 
PKa os the carboxyl ic acid groups in polyelectrolyte I I  
can be inspected Oy measuring tne effect of pH on the 
incorporation of cartons by tne polyelectrolyte. Exper i -  
menm or" tnis type were performed by exposing a coat- 
ing of poiyelec~rolyte I i  to a solution of Ru(NH~)8 :*+ 
which was adjusted to pH values between 1.5 and 5.5. 
A~ter the incorporation equi l ibr ium had been attained 
(30 rain of exposure proved adequate),  the coated 
electrode was transferred to a pure support ing electro- 
lyte solution at the same pH, and the amount of 
Ru (NHs)63+ retained by the coating was determined by 
stepping the electrode potential  to --0.6V and measur-  
ing the total cathodic charge that passed before the 
current decreased to background levels. The results 
are shown in Fig. 5. The pH at which the incorporation 
reaches one-half  of its maximum value [only ca. 36% 
of the total carboxylate groups in the coating bound 
Ru(NI%)63+ cations that were in electronic contact 
with the electrode] is 2.2. This value is close to the PKa 
of 1.9 measured more direct ly for a s imi lar perf luoro- 
carboxylate polyelectrolyte (13). However, the shape 
of the plot in Fig. 5 does not match that of a typical  pH 
titration curve. This is presumably because of interac-  
tions among the high concentration of carboxylate 
groups within the polyelectrolyte. Simi lar behavior 
was reported recent ly in coatings of protonated poly-  
v inylpyr id ine (14). Thus, it is not accurate to identi fy 
the pH corresponding to ha l f -maximum incorporation 
in Fig. 5 with a single pKa of the functional group. The 
"effective pK~" (14) varies with the degree of protona-  
tion and with the ionic strength. Nevertheless, it js  
clear that at pH values as low as 1, protons compete 
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quite successfully with Ru(NH3)63+ ions for counter-  
ionic sites within the polyelectrolyte. 
Discussion 
The combination of data in Tables I and II shows that 
the equi l ibr ium constants governing the incorporation 
of cations by coatings of polyelectrolyte I I  control the 
changes in the formal potentials of redox couples ex-  
tracted into the coatings. The trends in the values of 
Epf  - -  Es  f (---- AE  f )  in  Tab le  I I  demonst ra te  that  the  
relative equi l ibr ium binding constants for two halves 
of a redox couple are not determined solely by the 
magnitudes of their  positive charges. Thus, the 
Ru (NH3) s ~ +/2 + and Os (bpy) 3 s + I2 + couples involve the 
same pair  of charge types but, at ionic strengths above 
ca. 0.05M, the formal potentials of the two couples are 
shifted in opposite directions by incorporation. 
The addit ional factor affecting the incorporation 
equil ibria seems l ikely to be hydrophobic interactions 
between the large fluorocarbon component of the poly- 
electrolyte coating and the incorporating cations. Pre-  
viously cited evidence of such hydrophobic interactions 
has included the blue shift in the fluorescence of 
Ru(bpy)3 e+ incorporated in Nation membranes com- 
pared with the red shift observed with other, less hy-  
drophobic, polyelectrolytes (15). In addition, the much 
smaller diffusion coefficients within Nation coatings of 
cations surrounded by hydrophobic l igands has been 
interpreted in terms of a strong interaction between the 
diffusing ions and the hydrophobic fluorocarbon por-  
tions of the inter ior of the polyelectrolyte (16). 
The trends evident in the data of Table I I  can be ra-  
tionalized in terms of the relat ive importance of hydro-  
phobic and electrostatic interactions between the in- 
corporated cations and the polyelectrolyte. For  ex- 
ample, at an ionic strength of 0.2M, ~Er is positive for 
Os (bpy) .~3 +/2 +, near zero for CpFeCpCH2N (CH3) s2 + / + 
and negative for Ru(NtI~)e ~+/2+. The less highly 
Table ]11. Differences in half-reactlon entropies and enthalpies for the Ru(NH~)68+/2+ and Os(bpy)3 3+/2+ couples in coatings 
of Nation and polyelectrolyte II a 
ASrc o b AASrc o e AAH~s o d AAG~s" 9 
Red0x couple Electrode coating ca l /K ,  mo l  ca l /K  9 mo l  kca l  mo l  -z kca l  mol 4 
Ru (NI-I3) ~+/~+ Bare  + 17.1 (0.99) 
Nat ion  + 4.6 (0.90) +12.5 --0.36 --4.09 
II -23 .5  (0.98) +40.6 +7.22 --4.88 
Os(bpy)s3§ Bare + 3,5 (0.90) 
I I  -- 3.8 (0.95) +7.30 +1.42 --0.75 
~Suppor t ing  e lec t ro ly te :  0.02M CH3COONa at  pH 5.5. 
b The  ent ropy  change fo r  the  ha l f - react ion :  MS+ + e-  ~- M ~§ Ca lcu la ted  f rom the slopes of the l ines in F ig .  4. L inear  correlation 
coefficients are given in parentheses .  
c. d, 9 Differences between ~8rr ~ AH~' ,  and  AGes ~ at  coated  and  bare  electrodes. Calculated f rom ~H ~ = A~G ~ - TA~Sre~ AAG~* 
= -- nFAEL  
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Fig. 5. Incorporation of Ru(NH3)63+ by polyelectrolyte II as a 
function of pH. Electrode coating contained 8.4 • 10 -s  mol cm -2  
of carboxylate groups. Electrode was equilibrated for 30 min with 
a 5 mM solution of Ru(NH3)6 ~+ at each pH before transfer to 
pure supporting electrolyte for measurement of the quantity in- 
corporated. Supporting electrolyte: pH ---~ 4.5: acetate buffer; 
2.25 ~-~ pH ~ 3.25: p;msphate buffer; pH ~ 2: HCI -[- NaCI. 
The ionic strength was maintained at 0.2M. 
charged (i.e., reduced) form of each couple would be 
more hydrophobic and therefore would be expected 
to b~ preferent ia l ly  stabi l ized by hydrophobic interac- 
tion compared with its more highly charged (oxidized) 
partner. By contrast, purely electrostat ic stabil izing in- 
teractions would act in the opposite direction. Thus, 
the values of ~E r for the three couples l isted above 
indicate the dominance of hydrophobic interactions 
for Os(bpy)  3+/2+ and hydrophi l ic interactions for 
Ru(NH3)8 a+/2+, With the two factors exerting ap- 
proximately equal and opposite influences in the .case 
of CpFeCpCH2N(CH3)3 ~+/+. This seems chemical ly 
reasonable because the order of increasing hydro-  
phobicity of the three redox couples is very l ikely to 
be Oa(bpy)88+/2+ > CpFeCpCH2N(CI~)82+/+ > 
Ru (NHs)63+/2+ . 
The effects of changes in }onic strength on the values 
of AEf in Table II for the Ru(NH3)6 ~+/2+ and 
Os(bpy)3 a+/2+ couples can be understood on the same 
basis. Alterations in the intensity of hydrophobic inter-  
actions produced by changes in ionic strength are not 
l ikely to be as large as the expected (17) decreases in 
electrostatic nteraction as the ionic strength increases. 
The latter changes can be substantial  as the behavior 
of the Os (bpy) 33+/2+ .couple indicates. In 2M support-  
ing electrolyte, ~E r is most positive, pointing to the 
strongest hydrophobic stabilization, while in 0.02M 
solutions aEf becomes l ightly negative, suggesting that 
under these conditions the strength of the electrostatic 
interaction has increased sufficiently to overcome the 
hydrophobic factors that act in the opposite direction. 
The much more hy.drophilic Ru (NH3) ~3 +/2 + couple ex- 
hibits AE f values that reflect dominance by electrostatic 
interactions at all ionic strengths. The intensity of these 
interactions is evidently quite large for this couple, as 
indicated by the unusual ly large value of ~Ef in the 
0.02M electrolyte. 
AEf was also measured for the Ru (NH~)68 +/2+ couple 
at 0.2M ionic strength in Nation coatings. The value 
observed was --100 mV, compared with --164 mV for 
polyelectrolyte I I  under the same conditions. S imi lar  
differences exist between the strength of the binding 
of alkal i  cations by ion-exchange resins based on 
sulfonate and carboxylate groups (18). The behavioral  
difference has been ascribed to differences in the struc- 
ture of the pr imary hydrat ion spheres of the cations 
induced by the two types of anionic binding groups 
(18). In the present case, where hydrophobic and elec- 
trostatic factors are also believed to influence the 
strength of cation binding, the difference in ~Ef for 
Nation and polyelectrolyte I I  for the Ru(NI-~)s ~+12+ 
couple may reflect a greater control by electrostatic 
binding in the latter coating. 
The entropic control of the "incorporation equi l ibr ia 
revealed in the data of Table I I I  suggests a pr imary  
role for water molecules in the overal l  incorporation 
process. This accords with several previous studies of 
cation binding by polyanionic electrolytes (19), in 
which evidence was presented for the release of water  
molecules from both the charged binding sites and the 
hydrat ion spheres of the bound cations. The large nega- 
tive value of ASrc ~ for the Ru(NH~)63+/2+ couple in 
polyelectrolyte I I  signals an unusual ionic and solvation 
environment for the couple in this polyelectrolyte. The 
binding of the Ru(NH~)63+/2+ couple by Nation pro-  
duces much smaller value of hASte ~ than for binding to 
the polycarboxylate, II. This may be a reflection of a 
higher charge denity on the fixed anionic sites in I I  
compared with Nation. This could produce tighter ion 
pair ing with mult ip ly charged cations within polyelec- 
trolyte I I  and greater loss of water molecules from the 
outer coordination spheres of the incorporated com- 
plexes. Differences in the part ia l  molar volumes of sul- 
fonate and carboxylate bearing polyelectrolytes upon 
incorporation of cations were explained in s imi lar 
terms by Tondre and Zana (19d). 
The positive value of AAH ~ for incorporation of the 
Ru(NH3)6 ~+/~+ couple by polyelectrolyte I I (Table 
I I I)  represents the net result of a variety of coulombic 
and dipolar interactions whose individual contribution 
to the measured values of AAH~gs ~ it would be ex- 
t remely difficult to disentangle. However, it may be 
worth noting that the behavior we have observed is 
similar to that reported for the incorporation from 
aqueous solution of an organic sulfonate (8-anil ino- 
1-naphthalene sulfonate) by the hydrophobic portion of 
a block copolymer of polyethylene oxide and poly(2-  
hydroxyethyl  methacrylate)  (20). The incorporation, 
which is free of direct electrostatic binding between 
fixed charge groups and the incorporating ions, is also 
governed by a positive entropy change that overcomes 
a corresponding increase in enthalpy. Differences in 
the ion-dipole interaction energies between the in- 
corporating ion and water  molecules inside and outside 
the polymer may make important contributions to the 
enthaIDy changes in both this instance and the in- 
corporation of the Ru (NH.~)63+/2+ couple by polyelec- 
trolyte II. In anv case. the point to be derived from the 
present study is that the factors go-erning the relat ive 
bindin~ interactions of polyelectrolytes and complex 
ions can involve much more than the relat ive charge 
densities of the latter. 
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Measurements of the Steady-State Activation Overpotential of 
Chlorine Evolving Electrodes 
I. V. Kadija 
Olin Corporation, Metals Research Laboratories, New Haven, Connecticut 06511 
ABSTRACT 
Detailed measurements of interfacial concentration and concentration overpotential of chlorine evolving platinized 
platinum electrodes were performed in 4.9M NaC], at 25~ and 1 atm chlorine or 1 arm nitrogen in the cell. Based on these 
and electrode polarization measurements, steady-state activation overpotential curves were obtained. The applied method 
enabled for the first time in this field, development of true steady-state activation overpotential curves. Our findings indi- 
cated that 30-40 mV/decade slopes typically obtained in nitrogen atmosphere were essentially a sequence of quasi equilibria 
at the electrode interface. Also, micropolarization data obtained near the open circuit with chlorine atmosphere in the cell 
were found to be a concentration overpotential phenomenon. The true activation overpotential was found to become a 
significant part of the electrode polarization only after it exceeded several millivolts in chlorine saturated brine. In nitrogen 
saturated brine, where the open circuit was undefined, the activation overpotential became significant for polarizations 
that exceeded two decades of steady-state low current density polarization. In this case, the activation overpotential was 
observable as a departure from a 32 mV/decade slope. The obtained activation overpotential curves can be used as a base for 
developing kinetic parameters, however, a considerably greater emphasis than in the past must be given to the correspond- 
ing interfacial conditions. 
A steady-state electrochemical reaction brings about 
a concentration gradient across the interface. Assuming 
a charge transfer reaction v i r tual ly  at equil ibrium, the 
concentration overpotential  is defined (1) as the differ- 
ence between the steady-state potential  and the po- 
tential  across the interface obtained at the open cir- 
cuit (equi l ibr ium potential) .  Using activity terms 
rather than concentration in the Nernst equation, the 
concentration overpotential  (~c) for an electronation 
reaction can be expressed in the following form 
RT ax=~ 
~ : I n -  [1] 
a o 
where ax=o is the act ivity of the reacting species at the 
interface in g ions/l, and ao is the act ivity of the same 
species in the bulk in g ions/1. According to the Fick's 
law o2 steady-state diffusion, assuming a known and 
vir tual ly  constant act ivity coefficient, ao -- ax-~o is pro-  
port ional to the current density 
i8 
ao - -  ax=o - -  - -  ~ • I0 3 [2 ]  
nFD 
where i is the current  density in A /cm ~, ~ is the diffu- 
sion layer thickness in cm, and D is the diffusion co- 
efficient of the reacting species in cm2/s. By introducing 
Eq. [2] in Eq. [1], one obtains 
RT(  10ai8 ) 
no : In 1 + ~ [3] 
nF nFDa o 
An inherent property 1 of expression [3] is the 
,]c'S l inear dependence on current density for smal l  
ib 
/ a o. For such operat ing conditions, values of 103 nF'---ff 
Eq. [3] may be written as 
RT~IO 3 
m : i - -  [4] 
n2FSDa o
or  
where 
~]c : K " i 
RT~10 a 
K : - -  
n2F2Dao 
For example, for a single electron charge transfer re-  
action for a o : 1 g ion/1. F : 9.65 X 104 As/g ion, 
D : 10 -5 cm2/s at current density of 10- ZA/cm2, and 
~In ( l•  =• 
x .--~ 0 
